Introduction
Tendons are mostly composed of collagen fibers and transmit forces from muscle to bone. Tenocytes are cells in tendon that produce main constituent of tendon such as type I collagen, and are linked each other via gap junctions at cell-cell junctions. Most cells in normal tissues generally communicate via gap junction. For example, ion and small molecule movements through the gap junction channels occur by passive diffusion. It has been shown that gap junction intercellular communication (GJIC) is essential in mechanosensitive response of tenocytes (1) .
Mechanical loading by normal joint movements generally induces 4% tensile strain in tendon tissue, while an extensive loading condition induces 8% strain or more which brings macroscopic failures (2) . Therefore, a strain level up to 4% can be considered as a physiological strain and over 8% as overloading. It is known that mechanical loading alters GJICs between tenocytes within tendon fascicles (3) . For example, it has been shown that an application of static tensile strain with a physiological 4% amplitude for 1h enhanced GJICs while overloading 8% strain suppressed GJICs (4) . However, temporal regulation of gap junction communication during an extended mechanical loading is still unknown. Therefore, this study was performed to test a hypothesis that GJICs is regulated in a manner depending on the duration of mechanical loading.
Materials and Methods

Specimens
Tenocytes were isolated from rabbit Achilles tendon and cultured for passage number between 1 and 4. The microgroove substrate for tenocyte experiments was made from PDMS using photolithography and soft lithography (microgroove width, depth and spacing are all 10 μm) ( Fig.  1(a) ), which was bound with an upper frame as a stretching device ( Fig. 1(b) ). Cell suspension was delivered to the custom-made microgroove device at the final concentration of 80,000 cells/ml. 
Application of Static Tensile Strain
Tenocytes within the stretching device were cultured at 37°C and 5% CO2 for 24h in an incubator. After cell alignment along the microgrooves was confirmed, the device was stretched using an actuator ( Fig. 1(c) ) in the incubator for designated loading periods: 1h, 2h, 4h, 6h or 24h. Two types of strain amplitude were adopted: a physiological 4% static strain and an overloading 8% static strain.
FLIP Experiment
Fluorescence loss induced by photobleaching (FLIP) is a technique to visualize movement of molecules within and between cells (3, 4) . Tenocytes were stained with 5 μM calcein-AM. A cell in a cell line series was designated as a target cell and was bleached using 100% power laser every 3 sec. Fluorescent intensity of neighbouring cells decreased as molecule transport of bleached calcein molecules ( Fig. 2(a,  b) ). The fluorescence intensity was converted to the number of calcein molecules ( Fig. 2(c) ), and a mathematical model (4) based on one-dimensional diffusion theory was applied to determine intracellular diffusion coefficient DC and intercellular diffusion coefficient DGJ. These procedures were carried out at the end of the designated loading periods. 
Statistical Analysis
Dunnett test was used for detecting statistical significance in comparison with 0h data (pre-strain data).
Results
FLIP Experiment
The median value of diffusion coefficient was used to describe following results. The intracellular diffusion coefficient in the tenocytes subjected to 4% static strain was elevated to 6.90 μm2/sec at 1 h and 10.56 μm2/sec at 2 h from pre-strained, 0 h level (3.57 μm2/sec). An extended loading decreased the intracellular diffusion coefficient to 6.08 μm2/sec at 4 h, 5.10 μm2/sec at 6 h and 6.98 μm2/sec at 24 h (Figure 3 (a) ). No statistically significant changes were observed.
The intercellular diffusion coefficient in tenocytes subjected to physiological 4% static strain was elevated to 1.73 μm2/sec, 2.38 μm2/sec and 2.98 μm2/sec at 1 h, 2 h and 4 h from pre-strained, 0 h level (1.32 μm2/sec), respectively. With an extended loading, the intercellular diffusion coefficient was 2.36 μm2/sec and 2.44 μm2/sec at 6 h and 24 h to kept the increased level ( Figure 3 (b) ). Again, no statistically significant changes were observed.
In the case of overloading 8% strain, the intracellular diffusion coefficient was enhanced to 5.64 μm2/sec at 1 h. At 2 h static loading, the intracellular diffusion coefficient was 17.36 μm2/sec. This was significantly higher than the prestrained level (3.57 μm2/sec). An extended loading decrease the intracellular diffusion coefficient to 7.87 μm2/sec, 5.51 μm2/sec and 7.04 μm2/sec at 4 h, 6 h and 24 h, respectively (Figure 3 (c) ).
In addition, at the application of overloading 8% strain, the intercellular diffusion coefficient was increased to 2.49 μm2/sec and 2.64 μm2/sec from 0 h level at 1 h and 2 h static loading, respectively. The intercellular diffusion coefficient was decreased to 1.48 μm2/sec and 1.20 μm2/sec at 4 h and 6 h. With an extended loading, the intercellular diffusion coefficient was increased to 3.38 μm2/sec at 24 h which is statistically significant higher than pre-strained level (1.32 μm2/sec) (Figure 3 (d) ). Figure 3 (a) The intracellular and (b) intercellular diffusion coefficient (DC and DGJ) from the overloading 8% static strain experiment (number of data = 6). * p < 0.05 vs 0h.
Gene Expression Experiment
The results of gene expression of type I collagen, MMP-1 and connexin 43 were shown in Figure 3 .5. In the case of the application of physiological 4% static loading (Figure 4 (a) ), the gene expression levels of type I collagen were 1.06 ± 0.25, 0.93 ± 0.45, 0.64 ± 0.40 and 1.09 ± 1.39 times 0 h value at 1 h, 2 h, 4 h and 24 h, respectively. The gene expression levels of MMP-1 were 1.20 ± 0.18, 1.07 ± 0.57, 0.90 ± 0.78 and 0.14 ± 0.10 times 0 h value at 1 h, 2 h, 4 h and 24 h, respectively. In addition, the gene expression levels of connexin 43 were 1.61 ± 0.24, 0.97 ± 0.48, 0.62 ± 0.10 and 0.64 ± 0.48 times 0 h value at 1 h, 2 h, 4 h and 24 h, respectively.
The results from the experiments using 8% strain amplitude were shown in Figure 4 
Discussions
In this experiment, diffusion coefficient was used to evaluate molecule movement between two cells. When two cells have same concentration of molecules, the fluxes from two cells are same. In living organisms, many processes associated with diffusion. Small molecules are undergoing millions of collisions to change their moving directions. In this experiment, cells loaded with fluorescence calcein molecules, the movement of molecules were described using fluorescence change of each cell, which can be used to analyze gap junction communications.
The fluxes are physically conducted by the opening states of gap junction pore, which is regulated by several factors, such as changes of membrane voltage or intracellular Ca2+ concentration. Substantial mechanisms of molecule movement between two cells are unclear. However, molecular movement was used to evaluate gap junction communication in this experiment.
In this experiment, the results demonstrated that tenocytes gap junction communication was regulated in a manner depending on the duration and magnitude of mechanical loading. At the application of physiological 4% loading, gap junction intercellular communication was increased during the initial 4 h loading, and remained at the increased level towards 24 h. At the application of overloading 8% strain, gap junction intercellular communication was increased during the initial 2 h loading, followed by a decrease at 4 h and then an increase towards 24 h. It has been reported that tenocyte gap junction communication was regulated in a manner depending on the duration of the mechanical loading; gap junction communication was downregulated under 1 h static loading while 10 minutes static loading had no effects (5) . These results also indicate gap junction communication at 1 h static loading was regulated depending on magnitude of loading.
Under physiological 4% strain, there was an increasing trend of gap junction intercellular communication between tenocytes. To explain this result, several possible mechanisms are considered. It may be caused by opendings of closed gap junction pores in the consequence of connexin phosphorylation by mechanical loading. It may be due to recruitment of existing hemichannels on cell membrane to cell-cell boundaries to increase the number gap junctions. Upregulated connexin 43 gene expression may result in an increase in the production of gap junctions, which leads to a higher gap junction intercellular communications.
In contrary, under overloading 8% strain, two hours straining may activate gap junction channels (central pores opening), but the channels closed in response to unphysiological overloading at 4 h due to physical breakdown. It may also result in decreased connexin 43 gene expression and type I collagen gene expression levels. In addition, gene expression of MMP1 may be increased by unphysiological loading. Gap junction channels may be opened again to increase collagen production in response to sustained mechanical loading.
It was demonstrated that gap junction intercellular communication was regulated by gap junction protein, and it is depending on the calcium concentration in the medium. In addition, the opening state of gap junction was regulated in intracellular Ca2+ concentration (6) . However, a study reported that cyclic loading combined with fluid shear stress increased intracellular Ca2+ concentration (7) . From these studies, regulation of Ca2+ concentration caused by mechanical loading, may mediate opening state of gap junction pores, to regulate gap junction intercellular communication.
Conclusions
In conclusion, following findings were obtained. Tenocyte gap junction intercellular communication is regulated in a manner depending on both the magnitude and the duration of mechanical loading.
From 1 h to 2 h, physiological 4% loading induced the upregulation of connexin gene expression, and increased the gap junction intercellular communication during the initial 4 h. the stimulatory effect to gap junction intercellular communication was sustained during the rest of the 24 h period. In addition, the type I collagen gene expression was increased while MMP-1 gene expression was decreased at 24 h.
By the application of 8% loading, type I collagen gene expression was enhanced at 1 h. Gap junction intercellular communication was upregulated at 2 h and dropped to prestrain level at 4 h. the extended loading enhanced the gap junction intercellular communication again towards 24 h loading.
